Soaping the NMDA receptor: Various types of detergents influence differently [3H]MK-801 binding to rat brain membranes  by Berger, Michael L.
Biochimica et Biophysica Acta 1858 (2016) 116–122
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbamemSoaping the NMDA receptor: Various types of detergents inﬂuence
differently [3H]MK-801 binding to rat brain membranesMichael L. Berger
Center for Brain Research, Medical University of Vienna, A-1090 Vienna, AustriaAbbreviations:12-Gluc0, n-dodecyl-β-D-glucopyranosid
12-SO4−, sodium dodecylsulfate; 16-N+, cetylamine; 16-NM
16-py+, cetylpyridinium; CHAPS±, 3-[(3-cholamido
propanesulfonate; cmc, critical micelle concentration; D-
valeric acid; DCKA, 5,7-dichlorokynurenic acid; DOC−, sodiu
ceptor; Triton0, Triton X-100.
http://dx.doi.org/10.1016/j.bbamem.2015.10.021
0005-2736/© 2015 Elsevier B.V. All rights reserved.a b s t r a c ta r t i c l e i n f oArticle history:
Received 31 August 2015
Received in revised form 2 October 2015
Accepted 26 October 2015
Available online 28 October 2015
Keywords:
NMDA receptor
Detergent
[3H]MK-801
Radioligand binding
Triton X-100
N-lauryl sulfobetaineMembranes prepared from rat brainwere treatedwith increasing concentrations of cationic, neutral, anionic and
zwitterionic surfactants. Potent inactivation of [3H]MK-801 binding to NMDA receptors (NRs) was provided by
the cation cetyl pyridinium (IC50 25 μM) and the neutral digitonin (IC50 37 μM). A 2 h incubation of rat brain
membranes at 24 °Cwith 100 μMof the neutral Triton X-100 resulted in about 50% reversible inhibition (without
inactivation). Reversible inhibition was also effected by the anion deoxycholate (IC50 700 μM), and by the zwit-
terionsN-lauryl sulfobetaine (12-SB±, 400 μM) and CHAPS (1.5mM), with inactivation at higher concentrations.
Keeping the NR cation channel in the closed state signiﬁcantly protected against inactivation by cations and by
12-SB±, but not by the other detergents. Inactivation depended differentially on the amount of the membranes,
on the duration of the treatment, and on the temperature. Varying the amount of membranes by a factor 8
yielded for cetyl trimethylammonium (16-NMe3+) IC50s of inactivation from 10 to 80 μM,while for deoxycholate
the IC50 of inactivation was 1.2 mM for all tissue quantities. Some compounds inactivated within a few min
(16-NMe3+, digitonin, CHAPS), while inactivation by others took at least half an hour (Triton X-100,
deoxycholate, 12-SB±). These last 3 ones also exhibited the steepest temperature dependence. Knowledge
about the inﬂuence of various parameters is helpful in selecting appropriate conditions allowing the treat-
ment of brain membranes with amphiphiles without risking irreversible inactivation.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Radioligand binding assays require the preparation of a suitable
substrate presenting the receptor site under investigation. A widely
used standard protocol foresees the subcellular disintegration of the
appropriate biological tissue by homogenization and the subsequent
more or less extensive treatment of the particulate fraction to get rid
of endogenous compounds eventually interfering with the binding
of the radioligand. One useful step in this protocol may be the treat-
ment of the cell debris with surfactant. A popular substance for this
purpose is the nonionic Triton X-100 (Triton0, Table 1), a phenol deriv-
ative with a polyglycolic chain. It was successfully made use of for
removing endogenous GABA for more effective binding of [3H]GABA
and [3H]muscimol to GABAA receptors (0.05% at 37 °C for 30 min) [1]
or for the efﬁcient removal of endogenous glutamate for binding studies
at the NMDA receptor (NR; 0.08% at 2 °C for 10 min) [2]. The binding
of other radioligands, however, is inactivated by much lowere; 12-SB±, N-lauryl sulfobetaine;
e3+, cetyltrimethylammonium;
propyl)dimethylammonio]-1-
APV, (2R)-amino-5-phosphono
m deoxycholate; NR, NMDA re-concentrations of this detergent (e.g. the binding of [3H]ketanserin to
5HT2A receptors by 0.003%; and that of [3H]EBOB to the closed Cl−-
channel associated with the GABAA receptor by 0.005%; Berger ML,
unpublished observations). Receptors in particulate suspensions consist
of several protein chains embedded into the lipid bilayer, often associat-
edwith other proteins andmodulating factors [3,4]. Any treatmentwith
detergent may inﬂuence the architecture of this macromolecular com-
plex, eventually resulting in the loss of afﬁnity towards the radioligand.
Here I report the inﬂuence of 10 different surfactants (Table 1) widely
used in biological preparations on particulate fractions prepared from
rat cerebral cortex and hippocampus. In detail, the direct inhibition of
the speciﬁc binding of [3H]MK-801 to the ion channel associated with
the NR was investigated, in comparison to the outcome of pretreat-
ments with these compounds, thus differentiating between inhibition
and inactivation. The NR is one of the main ionotropic receptors for the
excitatory neurotransmitter glutamic acid (Glu), regulating the conduc-
tance of an ion channel permeable to Na+ and Ca2+[5], with high
densities in mammalian hippocampus and cerebral cortex. NRs are
tetramers mostly consisting of 2 GluN1 and 2 GluN2 subunits. The
radioligand [3H]MK-801 reaches its binding site at the narrow constric-
tion of the channel only if the channel is in the open state, with the co-
agonists Glu and glycine (Gly) bound to the ligand binding domains on
GluN2 and GluN1, respectively.
Table 1
Chemical structures and short names of the compounds investigated in this study.
Cationic:
16-NH3+
16-NMe3+
16-py+
Non-ionic:
Triton0
12-Gluc0
digitonin0
Anionic:
12-SO4−
DOC−
Zwitterionic:
12-SB±
CHAPS±
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Frontoparietal cortices and the CA1/DG part of the hippocampus
were dissected from adult male Wistar rats [6]. Cortical and hippocam-
pal tissues were processed separately, but since the obtained results did
not reveal systematic differences, the data were combined. This equiva-
lency agrees with earlier results from detailed [3H]MK-801 binding
experiments comparing materials prepared from various rat brain re-
gions [7]. Tissues were homogenized in 50 mM Tris acetate (pH 7.0)
in an ice bath with a glass/Teﬂon homogenizer and centrifuged at
35.000 ×g for 10 min. The sediment was suspended in fresh buffer
and centrifuged a 2nd time. The suspended material was supplemented
with Triton0 to 0.02% (300 μM) and left standing, in a volume of 10 ml,
for 10 min in a 37 °C water bath. Triton0 was selected for this pretreat-
ment because it had been successfully made use of before for this appli-
cation [2]. In extensive pre-experiments, this treatment – aimed at
improved removal of endogenous interfering compounds – had been
foundwithout inﬂuence on [3H]MK-801binding. As it turned out during
the course of this study, the high concentration of the suspension and
the short incubation time (10 min) were essential for preserving the
binding potential of the membranes. After Triton-treatment, the sus-
pension was cooled and centrifuged once more. The ﬁnally suspended
pellet was divided into aliquots and stored at−80 °C. For experiments,
one aliquot was thawed, diluted with buffer to 10–15 ml, and centri-
fuged a last time. The pelletwas suspended to homogeneity in 5ml buff-
er and distributed to 48 vials (with approximately 0.92 mg original
tissue per vial).
Radioligand binding was conducted in 5 ml polypropylene tubes
in 500 μl Tris acetate (50 mM, pH 7.0) in a 24 °C water bath. In the
presence of 10 μM Glu & Gly, 5 nM [3H]MK-801 (NEN/Perkin-Elmer,
23.9 Ci/mmol) was equilibrated for 2 h with themembranes. Saturatingconcentrations of the co-agonists were added to fully open the ion
channel for easy access of the channel ligand to its binding site. For
non-speciﬁc binding, Glu and Gly were replaced by their respective
antagonists (2R)-amino-5-phosphono valeric acid (D-APV; 10 μM)
and 5,7-dichlorokynurenic acid (DCKA; 1 μM). Bound radioligand was
isolated by ﬁltration over glass ﬁber ﬁlter soaked in 0.3% polyethylene
imine with a 48-places Brandel harvester. Filters were immersed in
scintillation cocktail (in toluene), agitated for 20 min, and radioactivity
quantiﬁed in a beta scintillation counter. The pharmacology of the NR
under these conditions has been investigated in detail in our laboratory;
two examples are the inﬂuence of Gly [8] and of the subunit-selective
modulators Zn2+ and ifenprodil [7].
To study the inﬂuence of membrane pretreatments, suspensions
were treated with various concentrations of detergent in Eppendorf
vials (1 ml) for 2 h at 24 °C (water bath), or for the time periods and
temperatures indicated; either in the presence of 1 μMGlu & Gly (chan-
nel open) or in the presence of 10 μM D-APV & 1 μM DCKA (channel
closed). After centrifugation at 20.900 ×g (at 4 °C), it was noticed that
low surfactant concentrations prevented the partial loss of pelleted
material; without any tenside, small membrane pellets often appeared
as ill-deﬁned smear. Therefore, Eppendorf vials were routinely rinsed
with 0.04% Triton0 before use. In such vials, sharply delineated mem-
brane pellets formed and speciﬁc binding of [3H]MK-801 depended
linearly on the amount of material. Pellets were suspended by repeated
pipetting in 220 μl fresh buffer, yielding 2 times 100 μl suspension to
start association with the radioligand. Irreversible inhibition (inactiva-
tion) was compared to acute inhibition of [3H]MK-801 binding in the
samemembrane preparation.During the2 h pre-treatment, the suspen-
sions foreseen for evaluating the acute effects were also incubated in
Eppendorf vials (1ml) at 24 °C in buffer (without additions) and centri-
fuged together with the detergent-treated suspensions.
The following detergents were investigated (for structures see
Table 1): cetylamine (16-NH3+, Sigma-Aldrich); cetyltrimethyl-
ammonium bromide (16-NMe3+, Merck KGaA); cetylpyridinium chlo-
ride monohydrate (16-py+; Merck KGaA); Triton X-100 (Triton0,
Merck KGaA); n-dodecyl-β-D-glucopyranoside (12-Gluc0; Sigma-
Aldrich); digitonin (digitonin0, Sigma-Aldrich); sodium dodecylsulfate
(12-SO4−, Merck KGaA); sodium deoxycholate (DOC−, Sigma-Aldrich);
N-lauryl sulfobetaine (12-SB±, Sigma-Aldrich); and CHAPS (CHAPS±,
Merck KGaA).
3. Results
Inactivation by 8 detergents was evaluated with a wide range of
tissue amounts, from 0.23 to 1.83 mg original tissue per vial (Fig. 1). In
this series of experiments, increasing amounts of membranes were
treated for 2 h at 24 °C. After treatment, membranes were collected by
centrifugation, suspended in fresh buffer and incubated for another
2 h with 5 nM [3H]MK-801 in the presence of 10 μM Glu & Gly. The
cationic detergent 16-NMe3+ and the non-ionic digitonin0 were the
most potent inactivators, with IC50s below 100 μM (A & B). However,
the potencies of these two, and also those of the medium potency
inactivators Triton0 and 12-Gluc0 (C & D) strongly depended on
the amount of tissue per vial. Also the anionic detergent 12-SO4−
inactivated with medium potency (E), but tissue dependence was less
pronounced. The anionic DOC− (F) and the zwitterionic 12-SB± and
CHAPS± (G & H) were only weak inactivators with low tissue depen-
dency. The amount of tissue in all following experiments was 0.92 mg
original wet weight per vial.
Figs. 2–5 display acute inhibition and irreversible inactivation of
speciﬁc [3H]MK-801 binding for several classes of detergents. Concen-
tration dependencies were steep, with most Hill coefﬁcients (nH) N3,
in agreement with earlier observations on shorter-chain cationic deter-
gents [9]. The mono-cationic cetyl derivatives 16-NMe3+ and 16-py+
(Fig. 2B & C) were the most potent inhibitors of [3H]MK-801 binding
in the whole series, with IC50s below 30 μM (Table 2). The greatest
Fig. 1. The inactivation IC50s of 8 detergents depended differently on the quantity of the
membranes invested. Dependencies ranged from linear (A, B) to the early attainment of
a plateau (E–H). Data pooled from 2 independent experiments with each detergent. The
lines result from ﬁtting attempts to a function A ∙ x / (x + B) + C ∙ x + D, where A is the
plateau of a saturable process with half-effective B, C is the factor of a linear process, and
D the intercept with the ordinate (parameters inscribed into the ﬁgures).
Fig. 2. Binding of [3H]MK-801 in the presence of (ﬁlled circles) or after pretreatment with
(diamonds) cationic detergents. Closed channels (blocked by D-APV & DCKA; empty dia-
monds) inactivated less readily than open channels (Glu & Gly, ﬁlled diamonds). Data
pooled from3 to 6 experiments; lines follow functions based on IC50 and nH values indicat-
ed in Table 2.
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inactivation IC50s were slightly weaker than their acute IC50s. Interest-
ingly, inactivation by all 3 cations was partly prevented if the NR-
associated channel was kept in its closed conformation (with the co-
agonist sites unoccupied; empty diamonds in Fig. 2). Among the 3
non-ionic surfactants studied, only Triton0was inhibitory in a reversible
way at concentrations up to 100 μM (Fig. 3B). This relatively low risk of
deactivation explains the popularity of this substance for the treatment
of membranes for radioligand binding [1,2]. Digitonin0 (A) was a more
potent and 12-Gluc0 (C) a less potent inactivator than Triton0. In
contrast to the other detergents, digitonin0 provided only partial
inhibition/inactivation (A). Inactivation by 12-Gluc0 may have been
partial too, but the compound was too weak for a complete analysis.
Two widely used anionic compounds were studied. The protein-
denaturing 12-SO4− was more potent than DOC− (Fig. 4). Comparison
of the concentration-dependency of inactivation with acute inhibition
by 12-SO4− revealed a tiny margin of safety also for this conformation-
disrupting agent. This margin was wider for DOC− (Fig. 4B): 700 μM
DOC− – close to its acutely inhibiting IC50– still had no irreversible
inﬂuence on [3H]MK-801 binding. This reversibility may explainfor the frequent use of DOC− for studies on solubilized binding sites
[10,11].
Wide safety margins were observed for the 2 zwitterions studied
(Fig. 5); 1 mM 12-SB± did not do any harm to the membranes (at
least no harm with consequences for [3H]MK-801 binding), but
achieved about 80% reversible inhibition; the same was true for even
3 mM CHAPS±. Curiously, speciﬁc [3H]MK-801 binding was even
augmented by CHAPS pre-treatment (by 16–18%; computer analysis
had to allow for this augmentation to yield smooth results).
Table 2 presents the analytical data on the inhibitions and inactiva-
tions displayed as Figs. 2–5. Onlymean valueswith n ≥ 3were subjected
to statistical analysis (ANOVA, post hoc Newman–Keuls test). Some in-
activations followed similar concentration-dependencies as the corre-
sponding inhibitions; in those cases, loss of [3H]MK-801 binding may
have been due predominantly to the inactivation of the receptor com-
plex. This may also apply to the non-ionic digitonin0 and 12-Gluc0. For
most other detergents, the statistical analysis indicated signiﬁcant re-
versible components († in Table 2). Such components were also evident
in inhibitions/inactivations byDOC− and CHAPS± (n=2; not subjected
to ANOVA). Reduction of [3H]MK-801 binding by all 3 cationic surfac-
tants (Fig. 2)was largely irreversible andmost likely due to inactivation.
This inactivation was slightly but signiﬁcantly impeded if membranes
had been pre-treated in the absence of Glu & Gly, but in the presence
of their respective antagonists (* in Table 2; with the ion channel
in the closed conformation). Table 2 also documents quantitatively the
steepness of the concentration dependencies by the Hill coefﬁcients
(nH). Most inactivations proceeded rather steep: with the exception
Fig. 3. Binding of [3H]MK-801 in the presence of (ﬁlled circles) or after pretreatment with
(diamonds) neutral detergents. Inhibition/inactivation bydigitonin0 (A)wasnot complete
(11–14% rest). OnlyTriton0 exhibited reversible inhibition (at concentrationsb100 μM;B).
Data pooled from 2 to 6 experiments; lines follow functions based on IC50 and nH values
indicated in Table 2.
Fig. 5. Binding of [3H]MK-801 in the presence of (ﬁlled circles) or after pretreatment with
(diamonds) zwitterionic detergents. They have the greatest margin between inactivation
and reversible inhibition. Data pooled from 2 to 6 experiments; dotted lines follow func-
tions based on IC50 and nH values indicated in Table 2.
119M.L. Berger / Biochimica et Biophysica Acta 1858 (2016) 116–122of 12-Gluc0, the nH values were N3 (most of them even around 6).
In cases with similar inhibition and inactivation concentration-
dependencies, inhibition nH values were as high as inactivation nHFig. 4. Binding of [3H]MK-801 in the presence of (ﬁlled circles) or after pretreatment with
(diamonds) negatively charged detergents. At concentrations b700 μM, DOC−
(B) inhibitedwithout inactivation. Data pooled from 2 to 6 experiments; lines follow func-
tions based on IC50 and nH values indicated in Table 2.values. However, if inhibitionwas observed at concentrations consider-
ably lower than inactivation, inhibition nHs were moderate (around 2).
Thus, in detergents with ‘safety margin’, reversible and irreversible re-
duction of [3H]MK-801 binding most likely proceeded along differing
mechanisms of action.
Finally, I subjected the inactivation process to a more detailed anal-
ysis. First, I exposed the membrane suspension to concentrations
producing at least 80% inactivation after 2 h at 24 °C, but stopped the
inactivation process at earlier time points (Fig. 6). Since it took about
15 min just to manipulate and centrifuge the vials before removing
the detergent-containing buffer and suspending in fresh buffer, the
inactivations may have started with this additional time period ahead
of the times to centrifugation. Nevertheless, inactivation by several
compounds apparently was stopped very soon after the start of the
centrifugation (Δt just a few min). This was especially evident with
the slowly inactivating DOC− (E) and 12-SB± (F) and may have been
due to rapidly falling temperature in the refrigerated centrifuge (see
below, temperature dependence). The cationic 16-NMe3+ and the
neutral digitonin0 turned out as the fastest inactivators (t1/2 3 min).
The anionic 12-SO4− seemed to display 2 components of inactivation: a
very fast one, that was not resolved and that took away about 3/4 of
[3H]MK-801 binding, and a much slower 2nd component (D; t1/2
32 min).
The 2nd analysis of detergent-induced inactivation of [3H]MK-801
binding concerned the inﬂuence of temperature. During the 2 h pre-
treatment time period, temperature was varied from 18 to 30 °C
in the presence of 8 different surfactants at their approximate 50%
inactivating concentrations. Experiments were performed at room
temperature in a water bath of the desired temperature. For 3 of these
tensides it turned out that the temperature of the standard pre-
treatment protocol (2 h at 24 °C) has been already high enough to
accelerate the inactivation: 230 μM non-ionic Triton0 inactivated
about 50% at 24 °C, but only roughly 35% (Fig. 7C) at 18 °C. For the
anion DOC− and the zwitterion 12-SB± the difference between 18 and
24 °Cwas even larger (F & G). For the latter two this explains why inac-
tivation was stopped so rapidly by centrifugation at 4 °C (Fig. 6E & F).
Inactivation by some other detergents was the same from 18 to 24 °C,
but accelerated at higher temperatures (16-NMe3+, DOC−; A & E).
Very weak (if any) inﬂuence of temperature was noted for digitonin0
(B), 12-Gluc0 (D) and CHAPS± (H).
Table 2
Reduction of [3H]MK-801 binding by 10 different detergents. Binding was reduced either by the detergent being present during radioligand association (inhibition) or by a 2 h pretreat-
ment of themembraneswith that compound at 24 °C (inactivation), with the NMDA receptor channel open (in the presence of 1 μMGlu & Gly) or closed (in the presence of 10 μM D-APV
and 1 μM DCKA); 0.92 mg original tissue per vial.
Inhibition Inactivation (open) Inactivation (closed)
IC50 ± SD (n) nH ± SD (n) IC50 ± SD (n) nH ± SD (n) IC50 ± SD (n) nH ± SD (n)
16-NH3+ 61.9 ± 3.4 (6) 4.41 ± 1.59 (5) 63.8 ± 2.3 (3) 6.28 ± 0.77 (3) 72.8 ± 0.7 (3)†⁎ 6.61 ± 0.54 (3)
16-NMe3+ 29.9 ± 2.1 (6) 5.18 ± 1.49 (5) 34.3 ± 1.5 (3)† 4.88 (1) 39.3 ± 1.3 (3)†⁎ 6.20 ± 1.23 (3)
16-py+ 24.8 ± 2.9 (6) 5.68 ± 1.30 (6) 29.0 ± 1.9 (3)† 6.24 ± 1.53 (3) 34.4 ± 3.2 (3)†⁎ 9.81 ± 1.33 (3)
Digitonin0 37.1 ± 1.7 (4) 3.34 ± 0.90 (4) 38.0, 43.2 (2) 4.59, 5.97 (2) 43.7, 40.9 (2) 6.83, 6.90 (2)
Triton0 105 ± 12 (8) 2.37 ± 0.36 (8) 233 ± 10 (3)† 4.32 ± 0.74 (3) 230, 249 (2) 3.36, 3.61 (2)
12-Gluc0 439 ± 44 (3) 1.30, 1.40 (2) 490 ± 112 (4) 1.76 ± 0.26 (3) 501 (1) 1.69 (1)
12-SO4− 121 ± 24 (9) 2.07 ± 0.43 (9) 157 ± 10 (3)† 3.40 ± 0.53 (3) 171 ± 5 (3)† 3.48 ± 0.38 (3)
DOC− 714 ± 116 (7) 1.91 ± 0.75 (7) 1169, 1145 (2) 8.30, 7.59 (2) 1193, 1229 (2) 6.75, 5.51 (2)
12-SB± 481 ± 101 (9) 1.99 ± 0.24 (9) 1403 ± 28 (3)† 9.83 ± 2.45 (3) 1598 ± 41 (3)†⁎ 9.83 ± 2.70 (3)
CHAPS± 1527 ± 368 (8) 1.77 ± 0.39 (8) 5051, 4998 (2) 7.09, 4.08 (2) 5062 ± 245 (3)† 3.61 ± 0.37 (3)
If n b 3, no SD but the individual values are indicated.
⁎ Signiﬁcantly weaker than IC50 of inactivation (open) (ANOVA, p b 0.05).
† Signiﬁcantly weaker than IC50 of inhibition (ANOVA, p b 0.05).
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At low concentrations, detergents bind to the membrane by
partitioning into the lipid bilayer [12]. For the most potent compounds
(IC50 ≤ 100 μM) this explains the linear relation of the half-effective
inactivation concentrations to the amount of tissue present during
inactivation. During treatment of biological preparations with such
moderate concentrations, it should be taken into account that any tissue
will ‘consume’ a certain amount of the detergent, thereby reducing its
free concentration and eventually leading to wrong conclusions. I also
studied the inﬂuence of surfactants on membranes prepared from
other rat brain regionswith lower densities of NRs (not shownhere), in-
creasing the amount of tissue per vial to obtain more reliable results.Fig. 6. Time course of inactivation by 8 different detergents at concentrations providing after 2 h
time lag (lines). The shortest ‘time to centrifugation’ (1min) includes in addition a 10min centri
supernatant (data pooled from 3 to 4 experiments performed in duplicates).Before I had noticed the strong dependency of the inactivating IC50 of
some substances on tissue amount Iwas inclined to suspect regional dif-
ferences in susceptibility of [3H]MK-801 binding to certain detergents.
However, after correcting for differences in the total amount of suspen-
sion put into use these apparent differences vanished. At higher concen-
trations (≥1mM), half-maximal inactivationwas achieved always at the
same concentration, independent of tissue amount (as seen for DOC−,
12-SB± and CHAPS±); here, losses due to partitioning into the tissue
had no signiﬁcant inﬂuence on free concentration.
Treatment of membrane suspensions with surfactants had visible
consequences for the tissues. After pre-treatment with 1 mM 12-SO4−,
centrifugation did not result in any visible pellet. However, after treat-
ment with 1.6 mM 12-SB± or with 6 mM CHAPS±, centrifugationat least 80% inactivation. The data were ﬁtted tomonoexponential functionswith variable
fugation run (at 21.000×g, 4 °C) and subsequently a fewminutes (on ice) for removing the
Fig. 7. Temperature-dependence of inactivation (2 h) by 8 different detergents. The con-
centrations were selected close to the inactivation IC50 at 24 °C standard temperature
(Table 2). Mean values with SDs from 3 independent experiments in duplicates.
Fig. 8. Inhibition and inactivation by 9 detergents related to their critical micelle concen-
tration (cmc; see Supplementary Table 1S). Symbols are as in Figs. 2–5; the line indicates
identical values on both axes.
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that reduction in [3H]MK-801 binding after treatment with 12-SO4−was
largely due to dissolution of the NR complex, while the 2 zwitterions
interfered with [3H]MK-801 binding to a large extent in a reversible
way. Also Triton0 and DOC− provided reversible inhibition at a rela-
tively wide range of concentrations. This range was narrow for 16-
NH3+, 16-NMe3+ and 16-py+; interestingly, for these latter ones it
made a signiﬁcant difference whether inactivation was attempted
with the NR channel in the closed or in the open conformation. Ap-
parently, inactivation was accelerated in open channels, suggesting
an active role for amphiphilic cations entering the pore.
Irreversible inactivations as described here were often accompanied
by high Hill coefﬁcients, suggesting positive cooperativity. For micelle-
catalyzed reactions, nH values from 2 to 6 have been described for 16-
NMe3+ and for 12-SO4−[13]. In the present study, rather high nH values
have been observed for inactivations (many nHs at 6 or higher), while
reversible inhibitions at lower concentrations exhibited nH values
around 2. It may be speculated that inactivations proceeded via micelle
formation or via the concerted integration of multiple molecules into
the membrane, while for reversible inhibitions only 2 molecules
cooperated to induce a reversible change in conformation. For most of
the tested surfactants, the inactivation IC50 was close to the critical mi-
celle concentration (cmc) at ionic strength 0.05 (Fig. 8; see Table 1S,Supplementary material). For 16-NMe3+, 16-py+, digitonin0, and most
strikingly for 12-SO4−, inactivation occurred at lower concentrations
and was probably caused by the respective monomers. For digitonin0,
a powerful inactivator of [3H]MK-801 binding, strong interaction with
cholesterol has been described [14]. Redistribution of cholesterol was
suggested as the mechanism for inhibition by digitonin0 of [3H]8-OH-
DPAT binding to bovine hippocampal serotonin1A receptors [15]. Also
for NR function, cholesterol plays an essential part [16]. Inactivation of
[3H]MK-801 binding by digitonin0 was apparently incomplete, with
100 μM providing no greater effect (86–89%) than 80 μM (Fig. 3A). Up
to 0.01% (81 μM) digitonin0, but not higher concentrations, reduced an-
isotropy of rat cerebral cortex membranes loaded with the ﬂuorophore
diphenylhexatriene [17]; the authors speculate that the steroid glyco-
side is incorporating into the membrane below this concentration, but
forms tightly packed aggregates beyond. If a similar solubility barrier
would apply to the conditions used here, no higher free digitonin0 con-
centrations would have been possible; the incompleteness observed
would plead for the monomer as the active agent. A similar complica-
tion might pertain to 12-Gluc0, providing incomplete inhibition at the
highest concentration achieved in a clear solution (600 μM).
Inhibition by several detergents of the speciﬁc binding to rat fore-
brain membranes of [3H]TCP ([3H]N-[1-(2-thienyl)cyclohexyl] piperi-
dine, another radioligand for the NR-associated ion channel) has been
described [18]. The authors observed strong inhibition by digitonin0,
but full recovery after centrifugation and suspension of themembranes
in digitonin0-free buffer, in disagreement with the result shown here.
They also tested DOC− and CHAPS±, providing weaker inhibition with
partial recovery; a small fraction of binding activity was detected in
the supernatant (≤10%), suggesting partial solubilization. The authors
suspect either some irreversible damage caused by these tensides or
incomplete removal of inhibiting detergent by the dialysis procedure.
Surfactants are extensively used at low concentrations for cleaning
biological preparations, and at high concentrations for the solubilization
of membrane proteins. The rat fronto-parietal cortex and hippocampus
as used as source formembranes in the present study largely contain an
NR variety composed of the subunits GluN1, GluN2A and GluN2B
(triheteromers) [19,20]. Attempts to bring into solution these subunits
with 2% Triton0 or 2% CHAPS± failed [21]; only 2% 12-SO4− has been
able to solubilize these membrane proteins. This agrees with data
presented here, although here much lower concentrations were used
(2% Triton0 corresponds to 31 mM; 2% CHAPS± to 32.5 mM).
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ly with DOC−[10,11,19,22,23] and sodium cholate [18], but one attempt
has been successful also with 30 mMCHAPS±[24]. While Triton0 seems
to solubilize selectively GluN1 subunits, but no functional NR complexes
[25], 12-SB± with a wide safety margin has not been tried yet. It seems
to be more potent than CHAPS± and shares with the more popular
DOC− the high temperature dependence and the slow rate of action,
allowing for easy ﬁne-tuning.
Höllerer-Beitz & Heinemann [26] described fast (within less
than 1 s) and reversible inactivation by low Triton0 concentrations (1–
100 μM) of rat and human potassium channels rKv2.1 and hKv1.5
expressed in Xenopus oocytes; Triton0 was more effective if ap-
plied from the cytoplasmic side. The anionic surfactant sodium
dodecylbenzene sulfonate (so to say: 12-Ph-SO4−) has been identiﬁed
as the active agent in a laboratory glassware cleanser potentiating
the strychnine-sensitive glycine receptor with EC50 9 nM and the
GABAA receptor with similar potency (two anion channels) [27]. Thus,
ion channels seem to exhibit selective sensitivities to particular deter-
gents, eventually leading to unexpected experimental artifacts.
5. Conclusions
In an often cited review, Helenius et al.[28] state that ‘the optimal
detergent for a particular membrane or membrane protein has to be
found empirically’, and in another standard text we read ‘it is often
impossible to foretell which detergent type will be best for a particular
application; onemust simply try asmany as possible within the prevail-
ing practical limits’ [29]. In the present study, these ‘practical limits’
were set at 10 surfactants from 4 different chemical classes, with at
least two representatives from each class. Several of the explored am-
phiphiles inactivated [3H]MK-801 binding in parallel with dissolution
of the membrane preparation, with reversible inhibition at lower con-
centrations (Triton0, DOC−, 12-SB±, CHAPS±). Not surprisingly so,
these same compounds (with the exception of 12-SB±) are often used
in protocols for preparation of membranes or solubilization of active
NR protein complexes. Two other detergents not tested here, maltose
neopentyl glycol-3 and n-dodecyl β-D-maltoside, recently enabled pu-
riﬁcation and crystallization of a full-length NR [30]. Other detergents
across most chemical classes (16-NH3+, 16-pyr+, digitonin0, 12-Gluc0,
12-SO4−) inactivated the NR without recovery after removal of the am-
phiphile, most of them far below their cmc, apparently modifying the
NR permanently. The present results may provide a framework for
choosing appropriate conditions for continuing in-depth explorations
into the ramiﬁcations and mysteries of this extra-ordinary receptor
complex.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2015.10.021.
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